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ABSTRACT: Trehalases (TREs) are pivotal enzymes involved in insect development and reproduction, making them prime targets
for pest control. We investigated the inhibitory effect of three thiazolidinones with piperine skeletons (6a, 7b, and 7e) on TRE
activity and assessed their impact on the growth and development of the fall armyworm (FAW), Spodoptera frugiperda. The
compounds were injected into FAW larvae, while the control group was treated with 2% DMSO solvent. All three compounds
effectively inhibited TRE activity, resulting in a significant extension of the pupal development stage. Moreover, the treated larvae
exhibited significantly decreased survival rates and a higher incidence of abnormal phenotypes related to growth and development
compared to the control group. These results suggest that these TRE inhibitors affect the molting of larvae by regulating the chitin
metabolism pathway, ultimately reducing their survival rates. Consequently, these compounds hold potential as environmentally
friendly insecticides.
KEYWORDS: trehalase inhibitor, Spodoptera f rugiperda, growth and development, chitin metabolism, abnormal phenotype

1. INTRODUCTION
The fall armyworm (FAW), Spodoptera frugiperda (Lepidop-
tera: Noctuidae), is a native crop pest in the Americas and was
first discovered in the subtropical and tropical regions of
Africa. This insect is one of the most notorious pests
worldwide.1−3 S. frugiperda has two subtypes: corn (C-type)
and rice (R-type).4−7 Owing to its voracious, nurturing,
adaptable, and drug-resistant characteristics, it can spread
rapidly and has been classified as a major migratory agricultural
pest.8,9 Currently, the main chemical pesticides used for
prevention include neonicotinoids, organophosphates, bisa-
mides, and other pesticides, but the FAW has developed multi-
insecticide resistance.10,11 However, the reliance on chemical
pesticides and the increase in pesticide usage and dosage have
raised concerns regarding the safety of agricultural products,
the environment, and biodiversity.12 Additionally, it has led to
the development of resistance to different insecticides in S.
frugiperda,10,13−15 which is detrimental to sustainable agricul-
tural practices. Therefore, the development of environmentally
friendly and sustainable pest control strategies is imper-
ative.16,17

Trehalose is a nonreducing disaccharide composed of two
glucose units linked via an α-α-1,1-glycosidic bond. It is
present in various invertebrates such as fungi, bacteria, plants,
nematodes, and insects.18−20 Trehalase (TRE), a glucosidase,
is the only enzyme that irreversibly hydrolyzes trehalose into
two glucose molecules. There are two different forms of TRE
in insects: soluble trehalase (TRE1) and membrane-bound
trehalase (TRE2),21−24 which work in concert to maintain the

insect’s energy supply. Chitin, a vital component enveloping
the entire body of insects, encompassing the exoskeleton and
gut, plays a pivotal role in safeguarding and reinforcing the
extracellular matrix while enclosing the nutrient matrix.25 TRE
serves as the first enzyme in the chitin synthesis pathway,26,27

establishing a link with the trehalose metabolism pathway.
Consequently, the discovery and development of TRE
inhibitors that regulate the chitin metabolism pathway have
become increasingly important in pest control strategies.
TRE inhibitors possess a structure resembling that of

trehalose. They can strongly bind with amino acids on the
active site of TRE through hydrogen bonds to form complexes
and competitively inhibit the activity of TRE.28−30 This
inhibition disrupts the decomposition and metabolism of
trehalose in insects, ultimately leading to insect mortality.
Several analogues targeting TRE have been proposed as
inhibitors. These include Validamycin, Sudatrastin, Trehazolin,
and their derivatives, which have been isolated from natural
sources. Additionally, Validamycin A,31,32 Validoxylamine
A,33,34 Trehazolin,35,36 and Salbostatin,37 have been purified
by through synthetic methods. Furthermore, nonglycosyl
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inhibitors such as piperine compounds can also serve as
potential inhibitor frameworks for TRE.
Piperine derivatives such as ZK-PI-5 (C20H19NO4) and ZK-

PI-9 (C19H16ClNO3) have emerged as TRE inhibitors that
regulate insect development and reproduction.38−41 Piperine
compounds contain a unique skeleton of 1,3-benzodioxane and
exhibit multiple biological activities. They possess a simple
structure and are harmless to nontarget organisms.42,43

Thiazolidone contains multiple reaction centers that can be
modified by introduction into compounds generated on the
piperine skeleton to inhibit Chitinase activity in insects.42

These compounds have shown promise in preventing and
controlling lepidopteran pests, such as cotton bollworms and
armyworms, and have lethal effects on aphids, Ostrinia
furnacalis, and other pests.44,45 Moreover, they demonstrated
the ability to inhibit TRE activity in S. frugiperda larvae.
In this study, we introduced a thiothiazolidone structural

fragment into the original piperine skeleton to design and
synthesize piperazole thiothiazolidone compounds 6a, 7b, and
7e. By investigating the effects of compounds 6a, 7b, and 7e on
the growth and development of S. frugiperda larvae, we aimed
to assess their potential as TRE inhibitors, offering novel
insights into the development of environmentally friendly
sustainable biopesticides.

2. MATERIALS AND METHODS
2.1. Insects. S. frugiperda used in this study was provided by the

Zhejiang Academy of Agricultural Sciences (Zhejiang, Hangzhou) and
was subsequently reared at the Key Laboratory of Animal Adaptation
and Evolution, School of Life and Environmental Sciences, Hangzhou
Normal University (Zhejiang, Hangzhou). Female adult moths were
fed 10% honey water to lay eggs, which were collected for hatching in
a feeding box with dimensions of 4.9 cm (top diameter), 3.6 cm
(bottom diameter), and 4.2 cm (height) (Junyuan Experimental
Equipment Store, Nantong, China). The newly hatched larvae were
fed an artificial diet and transferred to individual feeding boxes with
dimensions of 2.9 2 4, and 8.3 cm (height) once they reached the
third instar. Adults and larvae were maintained in a controlled
environment with a temperature of 26 ± 1 °C, relative humidity of 60
± 10%, and a 16 h/8 h (day/night) photoperiod. Artificial feed
formulation was improved according to the method proposed by
Pinto et al., as shown in Table 1.46

2.2. Piperine Compounds. The potential TRE inhibitors 6a, 7b,
and 7e were provided by the PMDD Laboratory of China Agricultural
University (Beijing). These inhibitors were dissolved in 2% DMSO to
achieve a concentration of 2 × 10−3 mmol/mL based on the
minimum effective concentration of validamycin on S. frugiperda.39

Detailed information regarding the molecular weights and formulas of
the TRE inhibitors is presented in Table 2, and their structural
formulas are shown in Figure 1.

2.3. Microinjection of Trehalase Inhibitors. The TRE
inhibitors were injected using glass capillaries transformed into
microinjection glass needles with a Sutter Instrument (USA). These
glass needles were installed into the injection joint of the Eppendorf
TransferMan 4r microinjection system and securely fixed onto the
robotic arm. S. frugiperda larvae were paralyzed on ice on the first day
of the third instar. They were then transferred to the loading platform
of the microinjection system by using a pointed brush. The needle
was inserted into the thinner area between the second and third pairs
of thoracic feet, and 300 nL of the potential inhibitors were injected
into the larvae. An equal volume of DMSO (2%) was injected into the
control group. Treated larvae were reared in artificial climate boxes.
2.4. Determination of Trehalase Activities and Carbohy-

drate Content. Samples were collected 48 h after the injection of 6a,
7b, 7e, and 2% DMSO for subsequent analyses. Approximately 9−15
larvae from each group were collected, and three biological replicates
were performed. The collected samples were mixed with 200 μL of
phosphate-buffered saline (PBS; pH 7.0) and subjected to sonication
for 30 min of sonication. After adding 800 μL of PBS, the samples
were centrifuged at 1000 × g at 4 °C for 20 min. Approximately 350
μL of supernatant was collected and used to determine the trehalose
concentration (Anthrone method), glycogen content (glucose (GO)
assay kit, USA), and protein concentration (Beyotime BCA reagent
kit, China).39 Another 350 μL of supernatant was collected and
ultracentrifuged for 60 min. The resulting supernatant (300 μL) was
collected and used to determine the activity of soluble trehalose,
glucose content, and protein concentration using the respective kits.
The precipitate was mixed with 300 μL of PBS to determine the
activity of membrane-bound trehalose, glucose content, and protein
concentration following the respective reagent kit instructions.
2.5. Quantitative Real-time Polymerase Chain Reaction

(qRT-PCR). Total RNA was extracted from larvae collected 48 h after
injection using TRIzol reagent according to the manufacturer’s
instructions. Three to five larvae from each group were collected, and
five biological replicates were performed. The concentration and
quality of the extracted RNA were determined by using a
NanoDropTM 2000 spectrophotometer. The RNA integrity was
verified through 1% agarose gel electrophoresis. The RNA samples
were stored at −80 °C for further analysis. Subsequently, cDNA was
synthesized using the PrimeScript RT reagent kit with gDNA Eraser
(NARISHIGE, Japan). The procedure was performed on ice.
qRT-PCR primers were designed based on the gene sequences of

the trehalose and chitin metabolism pathways of S. frugiperda available
from the National Center of Biotechnology Information (NCBI;
USA) using Primer 5 software (Table 3). The primers were
synthesized by Hangzhou Shangya Biotechnology Corporation
(Hangzhou, China) and the ribosomal protein L10 gene (RPL10,
GenBank ID:OK319023.1) of S. frugiperda was used as the internal
reference gene.47 Each 10 μL reaction volume contained 5 μL of
SYBR Green Premium Ex Taq (Takara, Japan), 3.2 μL of deionized
water, 0.4 μL of both forward and reverse primers, and 1 μL of cDNA
sample. The PCR reaction procedure consisted of the following steps:
predenaturation at 95 °C for 30 s, denaturation at 95 °C for 5 s,
extension at 60 °C for 20 s, and 40 cycles. The relative expression
levels of the genes were analyzed using the 2−△△CT method.48

2.6. Determination of the Chitin Content. Larvae were
collected in Eppendorf (EP) tubes 48 h after treatment. Each
experiment consisted of three biological replicates and three technical
replicates. To each EP tube was added 500 μL of 6% KOH solution,
and the samples were incubated at 80 °C for 90 min. After shaking for
5 min, the samples were centrifuged at 12,000 × g at 4 °C for 20 min.

Table 1. Ingredient of Artificial Feed

ingredient amount

Sspotted bean powder 111.0 g
yeast powder 33.8 g
wheat germ 52.8 g
ascorbic acid 3.4 g
methyl p-hydroxybenzoate 2.1 mL
sorbic acid 1.1 g
10% formaldehyde 8.4 mL
water (stirring) 490.0 mL
agar 13.5 g
water (agar solution) 338.0 mL

Table 2. Identification Codes, Molecular Weight (MW), and
Molecular Formulas of Trehalase Inhibitors

code purity solvent MW molecular formula

6a 98% DMSO 341.399 C17H11NO3S2
7b 98% DMSO 357.442 C18H15NO3S2
7e 98% DMSO 377.857 C17H12ClNO3S2
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Figure 1. Molecular structures of three trehalase inhibitors: 6a, 7b, and 7e.

Table 3. Primers Sequences for qRT-PCR

gene name forward primer (5′−3′) reverse primer (5′−3′) gene ID

TRE1 TCAGATGAAGGTGAACTCGAAGA GGAATGATGAATCCGTGGGTA DQ447188.1
TRE2 CTGCTGCTGTCGGAGATGA TAGGAGGGGAGGCTGTGAT EU872435.1
HK2 TTTCCACCCTCATTTCCACA TTTGCTTAGGCGGCTTACAT XM_035594594.1
G6PI CACATGAAGGAGTTCTC GCGTTGGTGATGGTCTCCTG XM_035596038.1
GFAT AGTCCTGTCAGTCATCCCTAT AAATCCCAATCATTCGTTCA XM_035573563.1
GNPNA GAGTTGTTCGGAGACTGGTT GGCTCTAATGGAACGCACTT XM_035593197.1
PAGM TCGATCAAGATTGACGTGAG AGACCACATGTTCTAACAAGA XM_035586036.1
UAP ATGATGCTGCTAAGAAAGAC CGTAAGATAGTAACGGTGAGA XM_035601390.1
CHS2 TAGACTCTTGGGCGTTGACA TTGGTTTCCTTCCCTTTCTC AY525599.1
CHT AAGCGGACAGCAAAGCG CCAACTCAGGGTCAATAATAAGAAC AY527414.1
RPL10 GACTTGGGTAAGAAGAAG GATGACATGGAATGGATG

Figure 2. Effects of trehalase (TRE) inhibitors on TRE activity, trehalose, glucose, glycogen, and gene expression in S. frugiperda larvae 48 h after
treatment. Changes in (A) soluble and (B) membrane-bound TRE activities. (C) Trehalose, (D) glucose, and (E) glycogen content. (F) TRE1 and
TRE2 gene expression. Values are presented as the means ± SE *p < 0.05 and **p < 0.01 denotes significant differences. ns: not significant
(independent samples; t test); 2% DMSO: negative control group; 6a, 7b, and 7e: treatment groups.
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The resulting precipitate was resuspended in 200 μL of McIlvaine’s
buffer. To hydrolyze chitin, 10 μL of Chitinase from Streptomyces
griseus was added, and the mixture was incubated at 37 °C and 150
rpm in a shaker for 72 h.
Once the hydrolysis reaction was complete, the samples were

centrifuged at 12,000 × g for 1 min at 25 °C. The supernatant (60
μL) was collected, and an equal volume of sodium borate was added
to the supernatant. The mixture was stirred and incubated in a water
bath (99.9 °C) for 10 min, followed by cooling to 25 °C.
Subsequently, 600 μL of 1 × DMAB was added, and the reaction
occurred in a water bath at 37 °C for 20 min. Samples (200 μL) were
added to the wells of enzyme-linked plates. The absorbance of the
samples was determined to be 585 nm. The absorbance measure-
ments of the standard solution were used to generate a standard
curve. Chitin concentration in the sample was calculated based on the
standard curve. This procedure was adapted from the determination
of chitin content by Yao and Su.49,50

2.7. Determination of Chitinase Activities. Larvae were
collected in EP tubes after 48 h of treatment, and each experiment
included three biological replicates and three technical replicates.
Approximately 0.1 g of tissue was homogenized in 1 mL of ice-cold
extraction solution and centrifuged at 10,000 × g for 20 min at 4 °C.
The supernatant (400 μL) was collected on ice and subjected to
chitinase activity testing using a chitinase reagent kit (Suzhou Keming
Biotechnology Co., Ltd.). Chitinase activity (mg/h/g fresh weight)
was calculated using the formula

= + ÷ ×

÷ ÷ × ÷ ×

= × + ÷

A V

V V W T

A W

Chitinase activity ( 0.2753) 6.4108

( ) 10

3.899 ( 0.2753)

total reaction system

sample total sample

A, absorbance; ΔA = Ameasured value − Acontrol value; W, sample weight.
2.8. Observation of the Feeding, Growth, and Development

of Treated S. frugiperda Larvae. On the first day of the third
instar, larvae were selected and individually fed an artificial diet in a
feeding box. The food quantity was increased as the larvae aged. Fresh

food was provided every 2 days, and larvae excrement was removed to
maintain a clean growth environment. The shells were used to
determine the larval age and were removed after data were recorded
to prevent confusion. The weight and the mortality rate were
recorded, and the emergence rate of larvae every 24 h was observed in
their phenotype after pupation at the same time. This process
continued until the larvae pupated.
Starting from the first day after injecting TRE inhibitors, the larvae

were observed daily to record their growth and development. Once
pupae were formed, their weights were measured, and the survival,
deformity, pupation, and emergence rates of the larvae were recorded.
A Canon EOS 50D was used to capture images of abnormal larvae to
observe phenotypic changes, and they were categorized into lethal and
nonlethal phenotypes based on the lethality of the observed
abnormalities.
2.9. Quantification and Statistical Analyses. Statistical

analyses were performed using IBM SPSS Statistics 20 software.
Data were evaluated for normality and homogeneity of variance
(Sharpiro-wilk Test). One-way analysis of variance (ANOVA) or
Student’s t test was used to compare differences between the control
and treatment groups. Posthoc tests were conducted using the Tukey.
A statistical significance was set at p < 0.05. The data were expressed
as mean ± standard error. GraphPad Prism software (version 9.0) was
used to generate graphs illustrating the analyzed data.

3. RESULTS
3.1. Thiazolidinone Compounds Inhibit Trehalase

Activity and Affect Carbohydrate Content in S.
frugiperda Larvae. Thiazolidinones (6a, 7b, and 7e) with a
piperine skeleton (2 × 10−3 mmol/mL) were injected into the
third instar S. frugiperda larvae and samples were analyzed for
the detection of TRE activity after 48 h. The results showed
that 6a, 7b, and 7e inhibited TRE1 and TRE2 activity
compared with the control group (Figure 2A, B). Among these
compounds, 7e exhibited the most potent inhibitory effect.

Figure 3. Effects of trehalase (TRE) inhibitors on chitin content, Chitinase activity, and the expression of CHS2 and CHT in S. frugiperda after 48 h
of treatment. (A) Chitin content and (B) Chitinase activity. (C) Relative expression levels of CHS2 and CHT genes. Values are presented as the
means ± SE *p < 0.05 and **p < 0.01 denote significant differences. ns: not significant (independent samples; t test); CHS2: chitin synthase 2;
CHT: Chitinase; 2% DMSO: negative control group; 6a, 7b, and 7e: treatment groups.
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These results demonstrated that these three types of TRE
inhibitors can be used in follow-up experiments. Further
testing of the changes in carbohydrate content revealed that 6a
had no effect, whereas 7b and 7e significantly increased the
glucose and glycogen contents (Figure 2C−E). The expression
levels of the TRE1 and TRE2 genes in S. frugiperda larvae were
significantly decreased after injection with 6a, 7b, and 7e,
compared to the control group (Figure 2F).
3.2. Thiazolidinone Compounds Affect Chitinase

Activity and Chitin Content in S. frugiperda Larvae.
The chitin content in the 7e group was significantly higher
than that in the control group, whereas there was no significant
difference between the control and the 6a and 7b groups
(Figure 3A). Compound 7b significantly reduced the Chitinase
activity of S. frugiperda larvae; however, compounds 6a and 7e
had no effect on Chitinase activity (Figure 3B). The expression
levels of CHS2 were significantly down-regulated in the 6a and

7e groups. Moreover, the expression levels of CHT were
significantly decreased in the 6a and 7b groups (Figure 3C).
3.3. Thiazolidinone Compounds Decrease the Ex-

pression of Chitin Metabolism-Related Genes in S.
frugiperda. We investigated changes in the expression of the
key genes involved in chitin synthesis. The results showed that
the expression of HK2, G6PI, GFAT, GNPNA, and UAP was
significantly decreased after injection with 6a, similar to that in
the group treated with 7b, except for UAP (Figure 4). In
contrast, inhibitor 7e significantly decreased the expression of
only HK2 and G6PI genes (Figure 4A and 4B).
3.4. Thiazolidinone Compounds Affect the Develop-

ment S. frugiperda Larvae. The developmental time of the
fourth and sixth instar larvae and prepupation of in S.
frugiperda showed no significant differences among the groups.
However, compared to the control group, the development
time of fifth instar larvae was significantly increased in the 7e
group, and the development time of pupae was prolonged by

Figure 4. Effects of trehalase (TRE) inhibitors on the expression of genes associated with the chitin synthesis pathway after 48 h of treatment.
Relative expression levels of (A) hexokinase 2 (HK2), (B) glucose-6-phosphate isomerase (G6PI), (C) fructose-6-phosphate transaminase (GFAT),
(D) glucosamine-phosphate N-acetyltransferase (GNPNA), (E) phosphor acetylglucosamine mutase (PAGM), and (F) UDP-N-acetylglucosamine
pyrophosphorylase (UAP). Values are presented as the means ± SE *p < 0.05 and **p < 0.01 denote significant differences. ns: not significant
(independent samples t test); 2% DMSO: negative control group; 6a, 7b, and 7e: treatment groups.

Table 4. Developmental Durations of Each Instar in S. frugiperda after Injection of Inhibitorsa

treatment 4th instar 5th instar 6th instar prepupation pupation overall developmental duration

2% DMSO 1.85 ± 0.20 a 1.80 ± 0.09 b 3.14 ± 0.82 a 1.18 ± 0.17 a 7.51 ± 0.16 b 15.46 ± 0.74 b

6a 2.11 ± 0.79 a 2.16 ± 0.14 ab 3.39 ± 0.36 a 1.51 ± 0.44 a 8.52 ± 0.42 a 18.05 ± 1.07 a

7b 1.74 ± 0.19 a 2.25 ± 0.22 ab 3.71 ± 0.09 a 1.30 ± 0.06 a 8.49 ± 0.31 a 17.33 ± 0.35 ab

7e 1.93 ± 0.07 a 2.56 ± 0.17 a 3.25 ± 0.15 a 1.44 ± 0.03 a 8.49 ± 0.24 a 16.86 ± 0.53 ab

aDurations are presented in days. Superscript letters denote significant differences (p < 0.05) from the control group. The analysis included
comparisons among the four different treatments within the same S. frugiperda larvae. Values are presented as means ± SE (ANOVA followed by
Tukey’s post hoc test). 2% DMSO: negative control group; 6a, 7b, and 7e: treatment groups.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.3c08898
J. Agric. Food Chem. 2024, 72, 8423−8433

8427

https://pubs.acs.org/doi/10.1021/acs.jafc.3c08898?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c08898?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c08898?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.3c08898?fig=fig4&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.3c08898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


all three inhibitors. Overall, 6a, 7b, and 7e extended the
development time of larvae, with 6a having the most significant
effect compared with the control group (Table 4).
Weight changes in S. frugiperda at each developmental stage,

from the fourth instar to the pupal stage, were assessed. The
results showed that there were no significant differences in
weight between the fourth and sixth instar larvae (Figure 5A,
C). The weight of the 6a group was significantly lower than
that of the control group, but there were no differences in the
7b and 7e groups among the fourth instar larvae (Figure 5B).
No significant differences were observed in the prepupation
and pupation weights between the groups (Figure 5D,E).
3.5. Thiazolidinone Compounds Decrease the Sur-

vival Rate of S. frugiperda Larvae. In the control group,
the survival rate decreased from the third instar to the fifth
instar, reaching 65.17% in the first instar (Figure 6A). This
decline in survival rate gradually continued from the fifth instar
to adulthood, with 41.57% of the initially treated (on the first
day of the third instar) larvae successfully emerging as adult

moths. The death of larvae in the 7b and 7e groups mainly
occurred between the fourth and fifth instars, resulting in an
emergence rate of less than half compared to that at the initial
treatment (Figure 6A). The survival rates of emergence were
48.86 and 40.44% in groups 7b and 7e, respectively, which
were lower compared with those of the control group (Figure
6A). Notably, larvae in the 6a group experienced high
mortality rates between the third and fifth instars, resulting
in a survival rate of only 28.89% by the fifth instar. Moreover,
larvae in the 6a group that successfully emerged into adult
moths accounted for only 20.00% of the initially treated larvae,
which was significantly lower compared to the 7b, 7a, and
control groups (Figure 6A). Although larval mortality was
higher in the treated groups, particularly in the 6a group,
during the larval stage, there were no significant differences in
the pupation and emergence rates among the groups (Figure
6B and 6C).
3.6. Thiazolidinone Compounds Cause Abnormal

Phenotypes and Increase Deformity Rates in S.

Figure 5. Effect of trehalase (TRE) inhibitors on the weight of each instar in S. frugiperda. (A) Fourth, (B) fifth, and (C) sixth instar. (D) Prepupa
and (E) pupa stages. Values are presented as the means ± SE *p < 0.05 denotes significant differences. ns: not significant (independent samples; t
test); 2% DMSO: negative control group; 6a, 7b, and 7e: treatment groups.
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f rugiperda Larvae. As shown in Figure 7, abnormal
phenotypes of larvae were observed in groups 6a, 7b, and 7e

during development, and the deformity rates were significantly
higher than those in the control group (Table 5). Larval

mortality due to molting failure in groups 6a, 7b, and 7e,
compared to normally developing larvae, was mainly observed
in the third, fourth, and fifth instars, resulting in what was
termed an abnormal lethal phenotype (Figure 7A). Addition-
ally, larvae in the 6a, 7b, and 7e groups exhibited a certain
abdominal segment contraction phenotype, resembling the loss
of the outer epidermis. This phenotype appeared as early as the
fourth instar and was categorized as an abnormal nonlethal
phenotype (Figure 7B). Notably, this phenotype persisted into

Figure 6. Effect of trehalase (TRE) inhibitors on the survival, pupation, and emergence rates of each instar in S. frugiperda. (A) Survival, (B)
pupation, and (C) emergence rates. Values are presented as the means ± SE. Pupation rate = (pupal number/sixth instar larvae number) × 100%;
emergence rate = (number of adults/pupal number) × 100%. Values are presented as the means ± SE ns: not significant (independent samples; t
test); 2% DMSO: negative control group; 6a, 7b, and 7e: treatment groups.

Figure 7. Effect of trehalase (TRE) inhibitors on the phenotype of S.
frugiperda larvae. (A) Abnormal death phenotype, and (B) abnormal
nondeath phenotype. The same larvae were tracked to observe
abnormal nondeath phenotypes across different treatments. The
number of deaths during development was counted and all abnormal
death phenotypes and abnormal nondeath phenotype were recorded.
Values are presented as the means ± SE (independent samples; t
test). 6a, 7b, and 7e: treatment groups.

Table 5. Abnormality Rates in Each Instar of S. frugiperda
after Injection of Three Trehalase Inhibitorsa

treatment number of larvae (n) abnormality rate (%) p-values

2% DMSO 88 1.14
6a 90 14.44 p = 0.001b

7b 89 12.36 p = 0.003b

7e 90 12.22 p = 0.003b
aComparisons were made between the four different treatments using
the same S. frugiperda larvae. Superscript denote significant differences
(p < 0.05) from the control group (chi-square test). Values are
presented by mean ± SE (ANOVA followed by Tukey’s post hoc
test). 2% DMSO: negative control group; 6a, 7b, and 7e: treatment
groups.
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the subsequent instar during development in the 6a group.
Larvae with this phenotype were capable of molting normally
and completing their development. The larvae in groups 7b
and 7e also exhibited this phenotype, although it was not
observed until the sixth instar.

4. DISCUSSION
Trehalases are unique and highly conserved enzymes found in
bacteria, fungi, plants, and certain invertebrates.51 They have
been recognized as a novel target for pest control because they
are the sole enzymes responsible for trehalose hydrolysis, a
crucial step in chitin biosynthesis.52 Several TRE inhibitors
have been extensively studied as potential insecticides.32,41,53

However, some TRE inhibitors exhibit different affinities for
TREs from different species.54,55 For example, 5-thiotrehalose
is structurally more similar to TRE than validamycin A, which
effectively inhibits trehalose utilization in Clostridium difficile.
However, it lacks activity against Aedes aegypti.55,56 Halogenin
acts as a competitive inhibition of TREs, and the dissociation
of the enzyme−inhibitor complex is notably slow.57

Furthermore, numerous studies have confirmed that valida-
mycin and validamycin A, exhibit similar inhibitory effects on
Lepidoptera, Diptera, Hemiptera, Coleoptera, and other
insects.51,56,58−61

In this study, we injected larvae with compounds 6a, 7b, and
7e and found that all three inhibitors have a strong affinity for
TRE in S. frugiperda, enabling them to inhibit TRE activity in
larvae after 48 h of treatment (Figure 2A,B). Furthermore, all
three inhibitors significantly downregulated the expression of
TRE1 and TRE2 genes (Figure 2F), demonstrating that they
consistently inhibited TRE at the protein and molecular levels
(Figure 2). These results underscore the potential of piperine
derivatives and thiazolidone as TRE inhibitors.39−41

Previous studies have shown that the inhibition of TRE
activity hinders the decomposition of trehalose in insects,
resulting in increased trehalose content and decreased glucose
content, ultimately disrupting normal glucose metabolism.51,60

Glycogen is primarily synthesized from UDP glucose through
glycogen synthase (GS),62 which mainly originates from
dietary carbohydrates and glucose.63 Inhibitors 7b and 7e
increased glucose and glycogen concentrations after suppress-
ing TRE activity (Figure 2C−E). In contrast, the glycogen,
trehalose, and glucose contents remained unchanged after
injection with ZK-PI-5 and ZK-PI-9,40 suggesting that 7b and
7e may employ alternative mechanisms to promote glucose
and glycogen synthesis.
Chitin is predominantly found in invertebrates, insects,

marine diatoms, algae, fungi, and yeast. In insects, it serves as
the main component of the cuticle, offering protection against
dehydration and mechanical damage, and acts as a physical
barrier against predation.64,65 During insect development and
metamorphosis, eight enzymes are involved in the chitin
biosynthesis pathway, with fluctuations in chitin content linked
to chitin synthases and Chitinase.27 Silencing the chitin
synthase gene in Anopheles gambiae reduces the transcription
level of chitin synthase 1 by 62.8% and the chitin content by
33.8%.66,67 Insect growth regulators can disrupt insect molting
and the stratum corneum, hindering the development of
beneficial arthropods.12,69 During chitin degradation, molting
fluid, rich in Chitinase, accumulates between the old and new
stratum corneums to assist in larval and pupal molting. The
three TRE inhibitors, 6a, 7b, and 7e, downregulated the
expression of HK2 and G6PI in the chitin synthesis pathway

(Figure 4), whereas 6a and 7b significantly reduced the
expression of CHT, GFAT, and GNPNA. Treating larvae with 1
μg/μL Validamycin inhibits TRE activity, stimulating the
upregulation of SfGFAT, Sf CHT, and SfGNA to maintain
chitin content. These findings confirm the important roles of
GFAT and GNA in the feedback regulatory mechanism of
chitin biosynthesis.32 The three TRE inhibitors, 6a, 7b, and 7e,
may severely disrupt the balance of chitin metabolism in
insects, with 7b inhibiting Chitinase activity and 7e increasing
the chitin content (Figure 3).
Furthermore, the growth, development, and reproduction of

invasive insects are influenced by various biological and abiotic
factors.16,68 The survival rate of emerging S. frugiperda larvae
was less than 50% (Figure 6A) following treatment with larvae
6a, 7b, and 7e, primarily owing to abnormal chitin metabolism.
Previous studies have shown that GFAT and GNAPNA play
regulatory roles in chitin biosynthesis.42,69,70 For instance,
when Litopenaeus vannamei is exposed to alkaline pH
conditions and cadmium stress, LvGFAT is strongly expressed
in the liver, indicating its importance in environmental stress
resistance.71 Inhibition of GFAT expression can significantly
increase the deformity and mortality rates in Nilaparvata
lugens.72 Bolognesi et al.73 reported that Sf CHSB and Sf CHI
are highly expressed in the midgut epithelium. When Sf CHII is
expressed, there is little or no chitin in the midgut, indicating
that Sf CHI primarily degrades chitin in the peritrophic
membrane (PM). Silencing of UAP can lead to the death of
over half of Bactrocera Dorsalis and larvae because of abnormal
phenotypes.74 Injecting dsApisCHS into Acyrthosiphon pisum
increases the malformation rate of early nymphs to 44%, and
knocking out the TRE gene leads to high mortality rates in fruit
flies and Tribolium castaneum.75,76

The TRE inhibitors injected (1 μg/L) in this study
significantly increased the malformation rate of the larvae.
The results showed that 6a had the most significant impact on
the development of S. frugiperda larvae, significantly reducing
the weights of the fourth, fifth, and sixth instar larvae (Figure
5). Mortality resulting from molting deformities was mainly
concentrated in the third, fourth, and fifth instars, leading to a
sharp decrease in the survival rates of the third to fourth and
fourth to fifth instar larvae in the 6a group (Figure 6A). Zhong
et al.40 found that injection of the TRE inhibitors ZK-PI-5 and
ZK-PI-9 had no significant effect on the growth and
development of S. frugiperda from the fourth instar to the
pupal stage. However, the proportion of abnormal phenotypes
characterized by failed emergence increased, potentially owing
to the contraction of the abdominal segment in the larvae
caused by the loss of the outer epidermis. HK is a key
regulatory factor in insect development, and its expression and
activity levels of HK in diapause pupae are lower than those in
nondiapause pupae. Downregulation of HK activity reduces
cell viability and delays pupal development by decreasing
metabolic activity and increasing the activity of reactive oxygen
species (ROS).77 All three TRE inhibitors significantly reduced
HK2 expression (Figure 4A), which may be the main reason
for the prolonged pupal stages. Cnsoli et al.78 found that the
pupa of Trichogramma previosum is more sensitive to pesticides
than eggs, larvae, or prepupae. Some chemical pesticides can
prolong the pupal stage of parasitic wasps, possibly due to
physiological homeostatic overcompensation mechanisms
produced by the body.79

S. frugiperda exhibits strong adaptability to host plants
during outbreaks.80,81 All three TRE inhibitors 6a, 7b, and 7e,
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were avirulent in late larvae (sixth instar-prepupa, prepupa-
pupa) and had no effect on pupation or emergence rates
(Figure 6), indicating that late larvae adapted to the TRE
inhibitors, and prolonged pupation reflects their adaptability.
Notably, in addition to the abnormal lethal phenotype, S.
frugiperda larvae treated with the TRE inhibitors also exhibited
nonlethal abnormal phenotypes. Investigating the specific
mechanisms behind these phenomena will require time and a
combination of technologies, such as RNAi.68,82

In conclusion, trehalose metabolism and chitin biosynthesis
pathways are important physiological processes in insects,
profoundly influencing survival and normal development when
inhibited. Our findings demonstrate that the thiazolidinone
compounds 6a, 7b, and 7e, play significant roles in the
teratogenicity and mortality of larvae. All three inhibitors have
the potential to delay the growth and development of S.
frugiperda larvae, with 6a exhibiting the most pronounced
lethal effect. Therefore, these compounds hold significant
promise as environmentally friendly insecticides with potential
applications in pest control strategies.
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